Abstract
Introduction

24
The high instantaneous intensity and the 4.5 MHz repetition rate of the European X-Ray
25
Free-Electron Laser (XFEL) [1, 2, 3] pose new challenges for imaging X-ray detectors [4, 5] . The 26 specific requirements for the detectors include a dynamic range of 0, 1 to more than 10 4 photons 27 of typically 12.4 keV per pixel for an XFEL pulse duration of less than 100 fs, and a radiation 28 tolerance for doses up to 1 GGy (SiO 2 ) for 3 years of operation. Table 2 : Oxide-charge density, Nox, interface-trap density integrated over the Si-band gap, N it , and surface-current density, J surf , obtained from measurements on test structures (a MOS capacitor and a gate-controlled diode). The values for a temperature of 22.9 • C before and after X-ray irradiation to 1 MGy and annealing for 60 minutes at 80 • C are presented. The actual measurements were taken at 21.8 • C and, for the irradiated structures after annealing for 10 minutes at 80 • C, scaled (scale factor ∼ 0.7) to above values, which correspond to the measurement conditions of the sensor investigated. 660 nm, which has an absorption length in silicon at room temperature of approximately 3.5 µm.
90
We note that 1 keV X-rays have a similar absorption length in silicon. The number of generated 91 eh pairs was controlled by optical filters. For most of the measurements presented approximately 92 130 000 eh pairs were generated, corresponding to 470 X-rays of 1 keV. The laser was used in 93 burst mode with 30 pulses per burst. The pulse structure is shown in Figure 2 . The pulses in a 94 burst were separated by t 1 = 50 ns, and the time interval between bursts t 2 ≈ 1 ms, if not stated 95 otherwise. To study the time dependence of the return to steady-state conditions after charges 96 have been trapped, t 1 or t 2 were varied, with the other parameters fixed. For longer recovery 97 times t 2 was varied between 500 ns and 10 ms and the signal from the first pulse of the burst was 98 analysed. The recovery time ∆t is defined as the time interval between the pulse analysed and its 99 preceding pulse. Hence ∆t = t 2 if the first pulse is analysed. For short recovery times t 2 was set to 100 1 ms, t 1 varied between 50 and 500 ns, and the signal from pulse 30 analysed. In this case we have 101 ∆t = t 1 . In this way two different measurements are available for ∆t = 500 ns. first two pulses of a pulse train measured at strip L and at the rear contact for 130 000 eh pairs 105 generated at x 0 = 75 µm, half way between the readout strips R and N R, as shown in Figure 1 .
106
The red dotted line in Figure 3 shows the signal measured at the rear contact, and the black solid 107 line the signal from strip L at x = 0, which is 1.5 times the strip pitch away from the position 108 where the eh pairs were generated.
109
The signals are the sums of the currents induced by the holes, which drift to the p + strips,
110
and the electrons, which drift to the n + -rear contact. The holes are collected quickly, because 111 the distance between the readout strips and the place where they were generated is small. The 
119
This is due to the higher capacitance of the rear contact and the bias-T used to decouple the high 120 voltage.
121
In the analysis the induced charge for the i-th pulse in a burst, Q i , is calculated off-line by 122 integrating the current over the time interval δt and subtracting the baseline current:
As indicated in Figure 3 , t 0 is the time shortly before the first pulse starts and a value δt = 16 ns of eh pairs was varied between 10 5 and 10 7 , δt = 40 ns had to be chosen in order to collect the 126 entire charge.
127
The number of charge carriers lost is obtained from Q L , the charge induced in strip L in the
128
following way: The integral of the hole signal is were generated. The charge induced by the electrons is
is the number of electrons collected at the rear contact. The total charge induced on strip L is:
If all holes and electrons are collected N e = N h and Q L = 0. For incomplete charge collection,
135
assuming that there is negligible eh recombination and only electrons or only holes are lost, the 136 amount of charge lost is given by:
If more electrons than holes are collected N e > N h , Q lost is positive, and the number of holes lost 
Results
147
First, the three biasing and environmental conditions under which the measurements have been conditions are reached on top of the passivation layer after a time interval which, due to the 160 dependence of the surface resistivity on humidity, strongly depends on the ambient relative humidity.
161
In a dry atmosphere or in vacuum, this time can be as long as several days, whereas in a humid • "dried @ 500 V": Sensor kept for > 2 hours at 500 V in a humid atmosphere (relative humidity Table 3 . The parameters of the 177 burst mode were a time between the pulses t 1 = 50 ns, and a time between the bursts t 2 = 1 ms.
178
As will be shown later the value t 2 = 1 ms is sufficient that the charge losses have recovered to the 179 steady-state values before the first pulse of the following burst. Presented are, for the non-irradiated and the irradiated sensor and three measurement conditions, the type of charge carriers lost, the initial losses for pulse number one, the saturation value of the charge losses, the pulse number at which the losses reach saturation, and the total number of charges lost until the saturation is reached.
In Figure 4 the fractions of charges lost for the two laser positions, x 0 = 40 µm and x 0 = 75 µm, Table 4 : Summary of the dependence of the charge losses on recovery time ∆t for 130 000 eh pairs produced, extracted from Figures 6 and 7. Presented are, for the irradiated and non-irradiated sensor and three measurement conditions, the type of charge carriers lost, and the parameters obtained when fitting Equation (4) to the data; the steady-state fraction of charges lost, f ∞ lost , the time constant, t 0 , and the power in the exponent, p. In three cases no or little dependence on recovery time is found and the data described by a constant.
larger steady-state losses, corresponding to the losses for the first pulse in Figures 4 and 5, are   199 observed.
200
In order to obtain a quantitative description of the measurements, they are fitted by the
with the free parameters, the steady-state fraction of charges lost, f ∞ lost , the time constant, t 0 , and 203 the power in the exponent, p. The fit results are presented in Table 4 . The discussion of the results
204
is postponed to Section 4. 
225
In order to take into account the increase of the pulse length due to the plasma effect, for this 226 analysis the integration time δt in Equation (1) was increased to 40 ns, as indicated in Figure 8 . 
Explanation of the charge losses
249
A detailed discussion and an explanation of the dependence of the charge losses on X-ray 250 dose and biasing history has been presented in [9] . It is briefly summarised here. non-irradiated sensor has been assumed. At the Si-SiO 2 interface the potential has a parabolic 254 shape in the x direction, with a maximum value of ∼ 10 V in the center between the p + strips.
255
In the y direction the potential increases. Thus, for eh pairs produced by the laser close to the 256 interface, the electrons drift in the y direction to the rear contact, the holes along the x direction 257 to the p + strips, and no charges are lost.
258
The simulated potential for the condition "dried @ 0 V", where electrons are lost, is shown on 
266
The right side of Figure 11 shows the potential for the condition "dried @ 500 V". In the laser pulse arrives, the charge losses remain zero. This is expected, as the conditions do not change 277 from pulse to pulse.
278
If, as for the situation "dried @ 500 V", positive charges are trapped close to the interface,
279
the value of the potential at the interface in-between the p + strips will increase and approach 280 the no-charge-loss situation shown in Figure 10 . As summarised in Table 3 , after ∼ 8 pulses of
281
∼ 130 000 eh pairs spaced by 50 ns, the initial hole losses of ∼ 70 % have decreased to a saturation 282 value of ∼ 25 %. We conclude that after ∼ 8 pulses, the additionally trapped charges move away 283 from the position where they were produced in the 50 ns time interval between the laser pulses.
284
For the recovery of the charge losses Figure 6 shows a fast increase in the first few microseconds,
285
followed by a much slower increase. The full recovery is reached at ∆t ≈ 500 µs. We assume that 286 the recovery is due to the diffusion of the excess holes over the potential barrier. density is essentially zero, resulting in even higher electron losses of ∼ 70 % for the first pulse.
304
The electron losses as a function of pulse number for the irradiated sensor behave quite differently 305 than for the non-irradiated sensor. For "humid" and 130 000 eh pairs generated per pulse, the 306 electron losses decrease to essentially zero after ∼ 15 pulses, whereas for "dried @ 0 V" they hardly 307 decrease and show no sign of saturation. As seen in Figure 9 , a much higher number of eh pairs is 308 required for the irradiated sensor in the condition "dried @ 0 V" to significantly change the electron 309 losses. Also the shape of the recovery of the electron losses, shown in Figure 7 for the irradiated 310 sensor in conditions "humid", is different. Whereas for the non-irradiated sensor an initial partial 311 recovery with time constants of less than 1 µs is followed by a slow full recovery until ∼ 200 µs,
312
the electron losses for the irradiated sensor recover with a single time constant of ∼ 6 µs. We note,
313
that in the discription by Equation (4), p ≈ 1 we interprete as a single time constant, and p < 1
314
we interprete as a recovery with both, slower and faster components (compare Figures 6 and 7) .
315
We finally comment, that we have made no attempt to simulate the dependence of the charge 316 losses for the pulse structure used in the experiments. Given that it is a 3-D problem with charges 317 spreading over large distances in-between the p + strips, a realistic simulation appeared out of 318 reach. field, and thus already influence the charge collection for this first pulse. It is also observed that 326 for 3.6 · 10 5 eh pairs generated, the electron losses saturate for higher pulse numbers. The 327 saturation value decreases from ∼ 30 % for 3.6 · 10 5 to ∼ 2 % for 10 7 . We interpret this as evidence,
328
that for the high radiation-induced effective oxide charge density and essentially zero negative 329 charge on top of the SiO 2 layer, the maximum value of the potential at the Si-SiO 2 interface is 330 high and many electrons have to be trapped to significantly reduce the electron losses. From the 331 decrease of the charge losses for the first pulse with eh intensity, we estimate that of the order of 332 10 6 electrons have to be trapped locally in order to reduce the electron losses by about a factor 2.
333
This number is significantly higher than for the irradiated sensor in conditions "humid", where 334 already electron losses of ∼ 10 5 make a significant difference, or for the electron and hole losses for 335 the non-irradiated sensor.
336
Using the multi-channel Transient Current Technique, the currents induced by electron-hole pairs,
338
produced by a focussed sub-nanosecond laser of 660 nm wavelength close to the Si-SiO 2 interface 339 of p + n-silicon strip sensors, have been measured, and charge-collection efficiencies determined.
340
Sensors, before and after irradiation by 1 MGy (SiO 2 ) X-rays, have been investigated.
341
For high densities of electron-hole pairs deposited close to the Si-SiO 2 interface the plasma 342 effect results in a significant increase in pulse length. However, the number of X-rays required to 343 generate charge densities in this region so that these effects become significant are too high, to be 344 of relevance for the AGIPD detector at the European XFEL.
345
As already reported previously, dependent on radiation dose and biasing history, not all electrons 
351
The recovery times to steady-state conditions depends on the X-ray dose with which the sensor 352 had been irradiated. 
